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Relaxation of high-energy quasiparticle distributions: Electron-electron scattering
in a two-dimensional electron gas
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A theory is developed for the evolution of the nonequilibrium distribution of quasiparticles when the
scattering rate decreases due to particle collisions. We propose a “modified one-collision approximation,”
which is most effective for high-energy quasiparticle distributions. This method is used to explain measure-
ments of the nonmonotonic energy dependence of the signal of scattered electrons in a two-dimensional
system. The observed effect is related to a crossover from the ballistic to the hydrodynamic regime of electron
flow.
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[. INTRODUCTION Here, f is the distribution function of nonequilibrium elec-
trons, r is the location of a nonequilibrium electron, amd
The propagation of an electron beam in a two-andp are the electron velocity and momentum, respectively
dimensional degenerate electron gaBEG) can be used to (quasiclassical approximatinr is the Lorentz force acting
study the role of electron-electroe-g) collisions in reduced on the electron. The function,,, determines the probability
dimensions; see e.g., Refs. 1-3. Of main interest are “highef nonequilibrium electronsi(,,,>0) or holes ¢,/,<0) to
energy” beams with a typical electron energy that exceed$ée found in statep after scattering from stae’. A hole in
considerably the thermal energy of the equilibrium electronghis case describes the absence of an equilibrium electron
within the 2DEG, but remains significantly below the Fermibelow the Fermi surface.
energy. A special combination of ac- and dc-measurement In the general case, the solution of the kinetic Boltzmann
techniques allows for an energy-selective investigation okquation(1) is a very difficult task, both in analytical and
electrons traversing a defined distance within a 20EG. numerical calculations. But it is well known from the kinet-
Some of these experiments were analyzed in terms of-the ics of gases that two regimes exist that allow for an essential
approximatior?® where it is supposed that each collision simplification of the description. First, in the few-collision
scatters an electron out of the beam. However, this approadase the probability is small for an electron to be scattered
is obviously insufficient for the case @&e scattering in a over a characteristic length scale(e.g., the distance be-
2DEG, where small angle scattering events dominate, antiveen the injector and the detector; see Fig. 1 bglevhich
scattered electrons may remain within the region of the eleds much smaller than the electron-electron mean free path,
tron beanf:’~10
For an adequate theoretical descriptiored# scattering it
is necessary to take into account the incoming terms in the d-detector 4 E

collision operatord (see the second term on the right of the

equation forJ) of the dynamic integrodifferential linearized
Boltzmann equation:

—=Jf,

jfz_,,f+fdp’vpp,f(p’), V=Jdp’vprp, (N

i-injector

df B of of CF of
dt ot v ar . ap’ FIG. 1. Scheme of the-e spectroscopy experimelsee text
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i.e., |=vv !>L. Therefore, using perturbation theory it is comes comparable to the bath temperafir@he most im-
possible to solve the Boltzmann equation by iteration of theportant fact for the pretemperature stage is the following: If
collision operator(quasiballistic approximation Second, in  the energysy<eg, then the probability of secondary colli-
the case of frequent collisions<€L) a hydrodynamic situa- sion is an order of magnitude lower than that of the first bne.
tion arises. The influence of frequent collisions establishes indeed, the energy of a nonequilibrium electron after col-
quasiequilibrium distribution that is characterized by hydro-lision with an equilibrium electron will be distributed among
dynamic variables, such as the average velocity or temperdhree states in phase space:

ture, that depend only smoothly an These regimes were

studied in our previous publicatiof$'° For obvious rea- p+p'—p'+p”, e=|e'|+e"+e".
sons a treatment of the intermediate regirtve () presents
considerable difficulties. For T<e, we haves’ <0 ande”,e”>0 due to the Pauli

. In th|s_ paper we show that It is possmle_to study t.he rinciple, i.e., the statp’ is below the Fermi level while the
intermediate regime successfully if the scattering probability;

d bstantially with h collision. Th nal statesp” and p” are well above. The energy of the
ecreases substantially with €ach COllision. 1h€ OCCUITENCRiia| electron is redistributed between three final states. On
of a decreasing scattering probability can be expressed by

erage, the energy of each state after the first collision can
additional small paramete¥, which is defined as the ratio of eX[g)réssed asl~gi0A with AP 10-1 (notelthat th¢|3 |nu_

the scattering probability of a nonequilibrium electron after @ nerical value ofA depends on the specific type of problem

collision to the probability before this event. Such situationsconsiderea)_ Since the energy-dependent mean free path

can be found in a wide range of problems where nonequilibT(E)ocllszy this means thd(e) of nonequilibrium quasipar-

rium quasip_artiqles, exhibiting Some €excess engrgy.abovFTC'es will increase by about an order of magnitude, which
thermal equilibrium, collide with equilibrium quasiparticles '

. g implies thatl(g;)~A"2l(go)>1(gy). This may lead to a
and ItOSS a cl:lonstlr?erabli akljrprour;t Of. thlls tgnergyttdug todthlgituation where the probability for a secondary collision is
event. Usually, the probability for inelastic scattering de-|,, \hije the probability for the first collision is close to
creases drastically with decreasing energy of the quasmartb

L : Inity in a system of sizé: [(g,)>L=I(gg). In this case, it
cles,_ bgcause Fhe. statlst|ca[ \_/ve|ght decreases for.bo_th trfga natural choice to consider the first collision exactly while
possibility for finding a collision partner and for finding

empty final states. Electron-electron, electron-phonon, the secondary collision is treated by perturbation theory,

honon-phonon collisions at temperatures below the Deb which leads to an extension of the validity of the one-
P P P Y€ollision approximation up ta.~ 10 (gg).
temperature can be taken as an example. In the following, we use this approach for the case of
Our approach is based on the following concépta few 9, bp

- - . ropagation of nonequilibrium electrons in an electron beam
collisions are treated exactly, whi(@) subsequent collisions propag d

. . . injected into a 2DEG via a quantum point contact. For steady

are neglected, or considered perturbationally. We will refer to o .

) = < .~ . _state conditions, the operatdtdt on the left side of Eq(1)

this approach as the modified one-collision approximation

. . must be replaced by(d/dr)+ (F-dldp). For further con-

(MOC), which accounts for the fact that in most cases Zideration it is convenient to use Cartesian coordinatesxThe
restriction to a one-collision approximation is sufficient to

explain the general features of the scattering experiments. | Xis is along the beam direction, while the origin is located at

the present work, a full account of the MOC approximation he center of the electror) beam mpct((ar quantum point
clontact in an actual experimgnEquation(1) will be solved

is given and the results are applied to analyze experimental . . ) . s
data obtained from electron beam experiments. It is show%)y Integrating along the trajectory. We definas the time of

that applicability of the MOC approximation to the scattering motion of the part|c!e along a given trajectot?(r,p,t) 'S
of high-energy electrons substantially extends the descriptio e (Lagrange co_ordlnate of the par_thle ata tm_teAt the
of spectroscopic data from electron-electron collision "€ of obsgrvat!or(taken as th(_e origin of the time count-
experiment$.The nonmonotonic dependence of the signal ofmg)’ the particle is Iocatgd at pomtw_lth momentunp. The
scattered electrons on the beam energy can be explainec mentum of the particle at a timeis P(r,p,t)=mV

within the MOC approximation. This observation can be in_;mé&fR/at). The palrticéli.trlztjec%(_)gﬁ(r,{),;[') Is ufnitﬂuely de;'
terpreted as a crossover from the ballistic to multicollision Ineéd Tor given applied Tields.  1he solution of the equation
(hydrodynamig flow regime X(r,p,tp) =0 defines the start timg, of the electron injec-

tion into the system at=0. The solution of Eq(1) is given

as
Il. MODIFIED ONE-COLLISION APPROXIMATION
Let us consider nonequilibrium electrons at a characteris- _ )
_ T e _ f=> £,
tic energyeq, which is measured from the Fermi levet , n=0

and is larger than the temperaturef the equilibrium elec-

tron gas,e>T. In a first stage of relaxation these highly 0

nonequilibrium electrons are scattered by equilibrium elec- f(”+1)(r'p):f dtf dp’[ypp,—5(P—p’)y]f(”)(R,p’)
trons, thus generating a new nonequilibrium system but with to

already much lower excess energy. This stage of relaxation 0

was named the “pretemperature” stage in Ref. 7. This pre- = [ dt(v—p)f™M, 2)
temperature stage ends when the quasiparticles energy be- to
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In this expression eachth term of the series is obtained

V
by n subsequent actions of the collision operator on the ini-  g(r,p)=gy,+ >, Vpp,#exp[v(so)(to—t’)}. (4)
tial or unpertubated functioff®), which describes the ballis- [VaxV'|
tic motion of the particle:
fO(r,p)=1o(Yo,P), Here g, is the distribution of the ballistic part of the elec-
trons, i.e., the solution of Eq1) in the absence of the inte-
Yo=Y(r,p,to), () gral operatory. t' is the time of collision and, is the
P _p ¢ starting time.P’=mV' and P,=mV, are the momenta be-
o=P(r,p,to). fore and after collision, respectively, whi\é,=Py/m. The
Here, fo(y,p) is an injected distribution where all the in- Values ?f t to, R(rpt’), P'=P(0po.to—t’), P
jected electrons have a characteristic energyThe quasi- = P(r,p,t’), andp are determined through the equations of

particles, which appear as the result of a collision, are demotion by the initial momentunp, and locationr. The

scribed by the action of the incoming partof the collision ~ €guations of motion are reduced R(r,p,t")=R(0,po,
operatord on fy(y,p). In other wordsyf, corresponds to a —t). The presence of walls in the experimental setge

P . olY:P)- 0 P ] Fig. 1) excludes solutions with a full cyclotron orbit.
particle that has been scattered once, whiké, describes a Note that the MOC approximation is applicable in prin-

subsequent second scattering event, and so forth. Corrgpe under conditions, where a pretemperature stage occurs
spondingly, the typical energies of these states diffgris  for the nonequilibrium quasiparticles. In other words, it
characterized by the energy, for vf, the characteristic holds when the following hierarchy of mean free paths is

energy will bes;~¢,A and for vuf, it will be given by  given:
e,~egoA?, etc. Consequently we find thap twif,
~17Y(g,) vfo and thatvo ~tvfo~1"1(eo) vf,. Therefore, as
a main approximation in the parametet$eq)/I(e4),
L/lI(e1)<<1, itis possible to neglect all terms in the series of
Eq. (2) that includev or v to an order higher than one, where wheree; is the energy after theth collision andl(gq) <L
v is placed to the left of. After making this approximation, <I(T); for L<I(&o) the inequality corresponds to the qua-
the summation of the remaining terms can be carried ousiballistic regime, where perturbation theory is applicable. If
easily. Thus, the main idea consists of a partial summation df corresponds to theith segment of this hierarchy, i.e.,
the infinite series to a first or subsequent approximation, al(e,) <L<I(e,+1), it is necessary to construct a MQC-
required in order to reach sufficient accuracy for an adequatapproximation by treating the firstcollisions exactly, which
description of the experiment. leads to relative corrections of the orderAof. The approach

For a stationary beam in a magnetic field, a Green’s funcbreaks down when the quasiparticle energy is comparable to
tion of the MOC-1[i.e., the solution of Eq(1) for fo(y,p)  T.As an example, the exact result for the first two collisions
=5(y)8(p—po) that takes into account the first collision (MOC-2), for the spatially homogeneous case &Ra (e
exactly] has the following form: —gq), reads

[(eg)<l(e)<=(ex)<k(e3)<---=<I(T), (5

vt
ex;{ — ) —exp— vgt)

1-vlvg

fz(exp(— vot) + (vo—v) 1 v+ Vol;/[ v 1—exp(—vt)]+ (vo— v) Y exp( — vot)

vt
e vlvg

This formula is valid for time$<I(e,)/ve. Thus, justafew and reveal the details of scattered signal. Therefore, we used
steps lead to high accuracy. It turns out that for the experithe experimental setup of the electron spectroscopy method
ments discussed below, just one step is enough to produggoposed in Ref. 4see Fig. 1L The sample is based on a
satisfactory results. conventional Si-modulation-doped Ga{A$Ga)As hetero-
junction with a carrier density ai~2.8x 10'* cm~2 and an
impurity mean free path df,,=20 um. The scheme of the
experiment is shown in Fig. 1. Schottky gates define quan-
In order to investigate the electron-electron scatteringum point contacts in the 2DEG and are adjusted such that
properties in a 2DEG, experiments are needed that allow oriée injector and detector quantum point conté@PQ are
to distinguish between scattered and nonscattered particlesarrying only one conducting mode. The distance between

];)fo, Vo= V(So). (6)

Ill. EXPERIMENT
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FIG. 3. The maximum of the scattered particles signal as a func-
tion of the injection energy. Empty square markers correspond to

FIG. 2. The experimentally measured signal at the detector as the experimental values. The thick line represents the theory. The
function of the magnetic field for different energies of injection: dashed line represents theoretical calculations outside the range of
solid curve, 0.8 mV; dashed curve, 1.6 mV; dotted curve, 2.6 mV;applicability of the approximation used here.
dash-dotted curve, 3.4 mV.

tained from the signal measured for the lowest excitation

the injector and detector QPC lis=4 um. Ohmic contacts voltage 6V4(B,V;) at V;=0.1 mV. In this casel./| ~10?
are indicated by crossed squares in Fig. 1. The sample wad electron-electron collisions can be ignored. Note that for
cooled down toT=0.2 K. An ac-modulated dc bias voltage injection energie®/;>3.5 mV~¢/3 the above equation for
applied between Ohmic contacts 1 and 2 was used to injed¢{V;) yields a large inaccuracy. However, this can be ignored
the electrons into the 2DEG area between injector and detebecausd (V;) becomes so small that the subtraction of the
tor. The amplitude of the ac modulatiofV; was much ballistic contribution to the signal leads only to corrections of
smaller than the dc componemly;<V; . The ac component less than 19.
of the detector signal, i.e., the voltage that occurs between

contacts 3 and 4\(4=V3,), is measured with a lock-in tech- IV. DISCUSSION

nigue. With this technique only the signal of electrons with ) ) o

energyV; is measured, while the wholebeam consists of In Flg. 3 the maximum value of the magnetic field depen-
electrons with energies in the range of\Q— (Note that dent signal due to the scattered electromd/y,, (V)
throughout this paper the electron chaegis set equal to 1, =MmaxdVg(B,V), is presented as a function of the injection
e=1)) energy ;). This dependence shows a distinct nonmono-

The magnetic field dependence of the detector signaionic behavior, i.e., a rapid increase at smgll a distinct
8V4(B,V;) has been studied for a wide range of energiegnaximum atV;~2 mV, and an abrupt decrease for larger
V;=0-9 mV. An example is given in Fig. 2 for different injection energies up t%;~8 mV, followed by a weak in-
injection energie®/; . This figure displays the evolution of a crease.
monoenergetic electron beam with increasing injection en- The presence of a maximum and the subsequent decrease
ergy V;, which reflects the energy-dependent electronin the energy dependence 67, .,(V;) cannot be explained
electron scattering. From the full width at half maximum of in the context of a simple perturbation theory applied to the
the low-energy curve\(;=0.1 mV, not showhit is possible  collision integral, because in the regime where the maximum
to extract the opening angle of the collimated electron beanis observed the electron-electron mean free path is already
®~12°, which is identical for the injector and the detectorsmaller than the distance between the injector and detector
when the QPC’s are equally adjusted to a single conductin@PC. Perturbation theory can only be applied to describe the
mode Ggpc=2/). increase of the signal for small energéés The presence of

The contribution of scattered particles to the detector siga strong decrease appears at first sight to be unexpected,
nal 8V§ can be easily extracted following the approach ofbecause in the multicollision regime that is entered upon
Ref. 4: increasingV;, a decrease of the ac signal from scattered

particles is not anticipated. In this multicollision regime the
2r, L ballistic beam is already absent but the motion of the elec-
8V4(B,Vi) = Wd(B,Vi)—eXP( V) arcsmT 8VY(B),  trons can be represented by a hydrodynamic drift.
(7) However, the behavior shown in Fig. 3 can be explained
in the context of the modified one-collisional approximation
where I(Vi)=4mhve(ep/Vi)Yee(Inec/Vi+In20re/ke  described above by taking into account the specific proper-
+1/2) is the energy-dependesre scattering length accord- ties of e-e scattering in two-dimensiorlsA calculation
ing to Ref. 6, wheregyr is the Thomas-Fermi screening shows that by taking into account the first collision exactly,
wave vectory . is the cyclotron radius, andr is the Fermi  Eq. (4) leads to the following expression for the detector
velocity. The second term on the right-hand side of this exsignal due to scattered particles:
pression corresponds t, defined in Eq.(4), 5V8(B), rep-
resents the signal that would be observed in the absence of
scattering. A good approximation for this value can be ob-

S L lp
oV MvK(lﬂ)G(‘z”)eXF{ 4 smz,///2)
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L and, consequently, the detected signal. For these energies Eq.
=2 arCS"ET)' (8)  (8)is no longer validsee Ref. & A second reason could be
¢ transition to the two-collisior{or multicollision) regime as

) ) o2 ] the mean free path is less then 10 at these energies.
where is the scattering angl& (¢) = [Z¢,,deg(¥— @) is

the angular distribution function oé-e scattering,g()
=mv*1fdsv£go(z,b), averaged over an intervab, the V. CONCLUSION

weighting coefficientK is K~1/@ for ¢=& and K In summary, we have shown in this paper that it is pos-
~1/siny for ®<y¢<m/2. (It is sufficient to consider only gjple to investigate successfully the evolution of a high-
the case where the cyclotron radiysis smaller tharl.) It energy nonequilibrium quasiparticle distribution with the
should be noted that E¢8) is valid for all ratios of® and  help of the modified one-collision approximation. This
the angular width o§(¢). The expressioh /4 sin@/2) in  method was used to explain measurements of the nonmono-
the exponent of Eq(8) represents the length of the electron tonic energy dependence of the signal of scattered electrons
trajectory from the injector to the poi®@ where the scatter- in a 2D system. We have obtained an excellent quantitative
ing takes placdsee Fig. 1. From Eq.(8) it follows that the  agreement between the experimental data and a theoretical
signal due to scattered particles, on the one hand, is directlya|culation.
proportional, to thee-e scattering probability or the fre-  |n conclusion we would like to emphasize that the MOC
quency of the collisiong and, on the other hand, is propor- approximation may be of interest for a wide range of prob-
tional to the probability of an electron to reach the scatterindems independent of the nature of the scattering particles; the
point O ballistically. As has been shown earlier in Ref. 4, theon|y restriction is that the scattering probability should
preexponential factor increases with increasiigat low in-  strongly decrease after one or several collisions. Along with
jection energiegmainly due to the increase of the collision the case of electron-electron scattering, this is a typical situ-
frequencyvocviz). ation for the majority of inelastic scattering processes, such
The existence of a maximum in Fig. 3 can be attributed tcas electron-phonon, phonon-phonon etc. Let us discuss as an
a competition between an increase of the scattering probabiexample, electron-phonon scattering in the case when the
ity (the preexponential factbrand a decrease of ballistic electron energy is high enougt® T, but is low in compari-
transport into the neighborhood of the scattering p@irithe  son with the Debye temperatuféne electron energy is mea-
exponent with V;. This explanation is supported by the ex- sured from the Fermi levelIn this case a phonon with an
cellent quantitative agreement between the experimental datmergy of the order ot will be emitted as a result of the
and a theoretical fit based on E@), where the angley is  electron-phonon scattering event and the corresponding
replaced by the experimental valug,,, (see Fig. 3. mean free path id=e 3. In contrast to electron-electron
The good fit also justifies the use of the one-collisionscattering the energy is redistributed here between two states
MOC approximations indicating that higher-order collisionsaccording to the momentum and energy conservation laws,
can be neglected. For small energies, the preexponential fapy=p;+q ande,=¢,+ w. Herepy ande, are the quasimo-
tor determines the behavior of the signal due to scatterechentum and energy before the collision, and after the colli-
particles, which also can be described by standard perturbaion they arep,, ande,, respectivelyq is the quasimomen-
tion theory applied to the collision integral. Around the tum of the emitted phonon and its energy. Since, on
maximum the probability for secondary collisions is still average, the energy is redistributed equally between the scat-
small and the signal is still defined by the scattering thatering productw~¢,, we also have here the small parameter
takes place in the neighborhood of the pdintHowever, the  |(g4)/I(e;)~2 3=0.1. The case of three-particle high-
probability for a first collision on the way between the injec- energy phonon-phonon scattering processes differs only by
tor and the detector becomes larger. This emphasizes the dgre energy dependence of the mean free path.
crease of the signal with increasiivg. As mentioned above Furthermore, the inelasticity, on which the approach de-
this regime cannot be described by ordinary perturbatioweloped in this paper is based, is likely to be relevant not
theory requiring the MOC approximation. At this point we only to the energy redistribution but also to some other quan-
would like to note that the nonmonotonic behavior of thetities; this includes, for example, the spin in cases where the
ac-current component that has been discussed above canpgbbability of scattering decreases significantly after a spin-
be explained by nonlinearities due to heating effects that arflip scattering event. This case may be realized for electron
expected to appear at approximately the same valu¥siof  scattering from spin-polarized impuriti€there are no spin
dc measurementfslt can be shown that such an effect gives subbands in this casand if the exchange interaction de-
only a small correction of the order Gf(V;)/V; to the ac  pends significantly on the mutual orientation of the electron
component of the signal, whelgV;) is the temperature due spin and the impurity spin. Let us neglect the interaction
to the heating effect. between electrons of one of the spin directigsgin-up, for
Finally, we may only speculate about the origin of the example and the impurities. Then the spin relaxation pro-
weak increase of the detector signal that is observed for theess is completed just after the first spin-flip scattering of the
highest injection energie¥;. As the injection energy ap- spin-down electrons. Thus, it is straightforward to describe
proachesg, the potential drop across the injector QPC be-this process in the framework of the modified one-collision
comes so large that the second subband of the QPC mapproximation.
become populated. This enhances the injector conductance, The method we proposed in this work can be very effec-
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tive also for point-contact spectroscopy? The reason is the contact spectroscopy the excess energy of the electron is
following. The current-voltage characteristic of the electrichigh, e>T.

circuit containing a microconstriction is determined by the

backscattering due to inelastic electron scattering processes

just in the region of the microconstriction. life)<L (L is ACKNOWLEDGMENTS
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